INTRODUCTION
In order to comprehend fully humankind's influence on the middle atmosphere, the natural changes must first be understood. Some natural changes in the middle atmosphere related to the solar cycle are caused by solar proton events (SPEs) Jackman et al. [1980] focused on the SPE production of odd nitrogen over 26 years , and Jackman and Meade [1988] investigated in detail the production of odd nitrogen during the years 1978 and 1979 for a possible SPE-related influence on the limb infrared monitor of the stratosphere (LIMS) measured constituents NO2 and HNO3. Jackman et al. [1980] found that the SPE source has a large variability in its yearly contribution to odd nitrogen and can dominate the largest odd nitrogen source, N20 oxidation, for geographic latitudes greater than 50 ø during certain years. Jackman and Meade's [1988] calculations showed that the SPE-related odd nitrogen changes (1) were confined mainly to the region above 10 mbar and latitudes higher than 50 ø in both hemispheres, (2) depended primarily on the background local abundance of odd nitrogen as well as on the altitude and season, (3) are important for 2-3 months after the SPEs but are generally negligible 6 months after the SPE, and ( [1983] . We have derived differential proton spectra from those data and used those data in a manner similar to that given by Jackman and Meade [1988] . We fit the proton data from T. Armstrong with an empirical formula of a power law form, given as dF/dE = Fo(E/Eo)-" cm -2 s -• sr -• MeV -• where F is the proton flux, F0 and n are parameters, E is the proton energy in megaelectron volts (MeV), and E0 is simply set to 1 MeV for all fits. The best fit to the proton data was found using a least squares fitting solution: parameter F 0 varied over a large range, while values for n were close to 2. These fits were generally within 10% over the proton energy range for most days of spectra data. We assume our power law form is valid over the proton energy range from 5 to 100 MeV. We extended the lower limit of the energy range from 10 MeV (given by Jackman and Meade [1988] ) to 5 MeV because we wanted a better estimate of the mesospheric source of odd nitrogen over the two solar cycle time period . A significant amount of extra odd nitrogen production is derived from those protons between 5 and 10 MeV which deposit energy in the mesosphere, and the small extrapolation from 10 to 5 MeV is believed to give at least a reasonable estimate of the proton flux at these lower energies.
The protons were divided up into 60 monoenergetic energy intervals, all assumed to be isotropic, and then were degraded in energy following Jackman et al. [1980] . Protons in the 5-100 MeV energy range deposit most of their energy between about 100 and 35 km. We compute a daily ion pair production over the 22-year time period in a form suitable for inclusion in our two-dimensional model.
The ion pair production computed from the daily average proton flux data of T. Armstrong compares favorably with the ion pair production computed using the hourly average proton flux data found in the Solar Geophysical Data publication for most SPEs. However, for the August 1972 SPE the ratio of the hourly computed ion pair production to the contours represented are 10, 20, 50, 100, 200, and 500 cm -3 s -1 daily computed ion pair production ranges from about 3.7 in the stratosphere to near 1.0 in the mesosphere. We have normalized the daily to the hourly computed ion pair production for this one SPE because the hourly computed ion pair production is believed to be more accurate than the daily computed ion pair production.
The daily average ion pair production for two SPEs (August 1972 and January 1982) is shown in Figure 1 . The gigantic SPE in August 1972 is presented in Figure la . This event had a rather hard spectrum of particles (with higher energy protons dominating) during the first couple of days, peaking in ion pair production near 8000 cm -3 s -1 between 40 and 50 km on day 217. Later in the August 1972 SPE (days 220-222), the peak in ion pair production occurred at the higher altitudes (between 70 and 80 km) when a softer spectrum of particles was dominant (lower-energy protons). Other SPEs during the 22-year period studied are not as intense as the first couple of days of the August 1972 SPE, and their proton spectra are typically softer. The January 1982 SPE, whose ion pair production is shown in Figure lb , is a good example of this type of SPE. Its ion pair production has a peak over 500 cm -3 s -1 between 70 and 80 km on day 31.
These 22 years of changing solar condition are represented by the changing sunspot number in Figure 2a . Figure 2b indicates the ion pair production at 44 km for the same 22-year period at geomagnetic latitudes greater than 60 ø.
Note that more SPEs tend to occur when the sunspot number is high. The maxima in ion pair production, how- The positive ions produced by the solar protons form ion water clusters and, subsequently, H and OH. Below 70 km most of the positive ions result in the formation of two HOx species apiece. Above 75 km the HOx produced per positive ion is somewhat less than 2 and is also strongly altitudedependent [Solomon et al., 1983b] . In this paper we are concerned with altitudes at and below 60 km, and we assume that two HOx species are produced per positive ion. Table  2 . Clearly, there is a large variation in the annual addition of odd nitrogen from SPEs.
OZONE VARIANCE DUE TO SPEs
The investigation of the long-term influence of SPEs on ozone is the primary purpose of this paper. We would like to answer the question: Do SPE-related changes in ozone need to be considered when investigating long-term variations of ozone? Figure 3b illustrates the variability of ozone at 1.7 mbar (44 km) and 75øN over the 23-year period. In Figure 4b we show the ozone at 7 mbar (34 km) and 75øN. In general, the NOy increase corresponds to an ozone decrease. Note, however, that ozone goes up during several days of 1972 at 7 mbar (see Figure 4b ). This is a result of self-healing due to ozone depletion above.
It is clear from Figures 3b and 4b that the largest changes in ozone in the stratosphere are connected with the August 1972 SPE. Because of this we have investigated the time period during and just after the August 1972 SPE in more detail. We first ran the model to steady state (20-year computer simulation) for the 1972 boundary conditions (see Table 1 ). Next we ran a base case for 60 and 360 days, with daily and 10-day interval outputs, respectively. Finally, we simulated the August 1972 SPE with the model (several times) over 60-and 360-day time periods. We found only small differences in the ozone depletion from the August (Figures 6a and 7a) than at 55øN (Figures 6b and 7b) Total ozone change due to the August 1972 SPE is represented in Figure 11 for the time period days 210-360 in year 1972. Ozone changes of slightly greater than 1% are observed at only the highest latitudes. The largest ozone depletion in the northern hemisphere occurs at 85øN during or slightly after the SPE, and the largest ozone depletion in the southern hemisphere occurs at 85øS about a month after the SPE, consistent with the interhemispheric differences in the ozone profiles (discussed above). The possibility of observing a change of this magnitude in the total column ozone data is remote because of the large daily fluctuations that accompany total ozone data at high latitudes.
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SENSITIVITY STUDIES
We carried out three sensitivity studies which will be discussed. The first sensitivity study was undertaken to 
Model computations indicate fairly good agreement with ozone data for the SPE-induced ozone depletion caused by
NOy species connected with the August 1972 SPE. One difference that needs to be investigated is that the BUV ozone depletion at higher altitudes (above 50 km) is larger and persists for a longer period of time than indicated in the model predictions. Two sensitivity studies were proposed to investigate this difference between model predictions and observations and are discussed below.
It is possible that in our model some atmospheric constituents are being transported from the upper mesosphere or stratosphere to the lower mesosphere but that this is not happening in the Earth's atmosphere. We investigate this concern with a sensitivity study in which no winds or diffusion are allowed in the model. This model experiment is totally unrealistic; however, it does illustrate the influence of transport on our results. The model results from this sensitivity study for the northern hemisphere are very similar to our model results presented in Figure 7 . We do find, how- Figure 8b . The depletion at 75øS is about the same in this sensitivity study than shown in Figure 8a .
It is equally likely that in our model some atmospheric constituents are not being transported from the upper mesosphere or stratosphere to the lower mesosphere but that this is happening in the Earth's atmosphere. We investigate this concern with a sensitivity study in which the vertical diffusion is increased by a factor of 20 from 10 to 1 mbar (increasing from 2 x 10 3 to 4 x 10 4 cm 2 s -1) with a constant value of 4 x 10 4 cm 2 s -1 for altitudes above 1 mbar. Again, the values in the northern hemisphere are similar in this sensitivity study when compared to the base case. Less ozone depletion was predicted in this sensitivity study than observed in the base case for the southern hemisphere, however, the differences between the two studies are small. Both sensitivity studies gave a smaller ozone depletion in the lower mesosphere than was observed in the data, the same as indicated in our base model simulation. These two sensitivity studies do not span all possible uncertainties in our 2-D model, but they do represent two extreme computations which indicate that it may be difficult to resolve easily the model-observation disagreement in the lower mesosphere. This disagreement between model predictions and satellite observations may be related to the ozone depletion problem noted earlier and discussed by Jackman and McPeters [1985] . They showed that model computations of ozone depletion in the lower mesosphere/upper stratosphere were less than indicated in the observations of ozone depletion by the Nimbus 7 SBUV instrument.
This model prediction problem may also be related to the classical problem that models tend to have in predicting ozone amounts in the upper stratosphere. Models tend to predict less ozone than observed or, equivalently, models constrained by observations predict more ozone loss than production in the ozone photochemical region which is located in the upper stratosphere at the low to middle latitudes [e.g., Wofsy, 1978 
2.
Given the time scales of months for the existence of SPE-enhanced air, the effect of any particular SPE on ice cap deposition would be a strong function of the season in which the SPE occurred. For instance, the mechanism for downward displacement and precipitation would not occur during the summer, and an SPE in January would go largely unnoticed in the southern hemisphere ice cores. 3. The mechanism depends strongly on temperature and water vapor concentrations.
4. The spikes in the ice core may be entirely of terrestrial origin and simply markers of atmospheric processes (e.g., low stratospheric temperatures leading to cloud formation).
Given these possibilities, it is worth noting that 30 and 50 mbar temperatures during austral spring in 1972 at the south pole were the coldest observed prior to the 1980s and the formation of the ozone hole [Trenberth and Olson, 1989 (assuming it is all deposited in a month). This nitrate deposition is still less than that observed by Zeller et al. [1986] . We found that the ozone depletion predicted from this model calculation was somewhat higher than indicated in the BUV data for the northern hemisphere. At 75øN the maximum ozone decrease was computed to be 25-30%, compared to the 15-25% observed, and at 55øN the ozone decrease was computed to be 10-15%, compared to the 5-10% observed. We conclude from this study that a production of 2.5 N atoms per ion pair is probably too large.
